Transition metal dichalcogenides (TMD) form bulk layered materials in which the layers interact via van der Waals forces, similar to graphene and hexagonal boron nitride (h-BN). This is why TMD are good solid lubricants, including inorganic Fullerenes and nanotubes of MoS~2~ and WS~2~[@b1][@b2][@b3]. Recently, the electronic properties of few-layered MoS~2~, WS~2~ and WSe~2~have been measured[@b4][@b5][@b6][@b7]. It is important to note that monolayers of TMD are not single-atom thick, as in graphene or h-BN, but instead they are formed by layers in which the transition metal atom (W or Mo) is sandwiched between sulfur or selenium atoms (see [figure 1](#f1){ref-type="fig"}). The TMD phases possess two types of atomic arrangements: the trigonal prismatic and the octahedral[@b8], and they could either exhibit semiconducting (e.g. MoS~2~, WS~2~, WSe~2~and MoSe~2~) or metallic-superconducting behavior (e.g. NbS~2~ and NbSe~2~)[@b9][@b10][@b11][@b12][@b13]. Normally, the bulk hexagonal phases (trigonal prismatic) of semiconducting TMD (STMD) reveal an indirect band gap from the Γ point to an intermediate point in the Brillouin zone (Γ-I) (see [figure 2a](#f2){ref-type="fig"}); the result has been also confirmed by first principles calculations[@b14][@b15][@b16][@b17][@b18]. Heinz and co-workers have found that mono-layers of MoS~2~ strongly emit light due to a 1.8 eV direct band gap at the K point in the Brillouin zone[@b19]. This direct gap has also been confirmed experimentally by other groups through photoluminescence in exfoliated MoS~2~[@b20][@b21][@b22] and chemical vapor deposition islands of monolayer WS~2~; for this case the direct band gap is around 1.9 eV[@b23] (see [figure 2b](#f2){ref-type="fig"}). Besides the transformation to a direct band gap for a monolayer of STMD, a break of inversion symmetry also occurs[@b24], which has been confirmed experimentally by circularly polarized light experiments that lead to valley polarization effects[@b25][@b26]. To date, various groups have performed first principles calculations using Local density approximation (LDA), Generalized gradient approximation-Perdew-Burke-Ernzerhof (GGA-PBE), Hybrid-DFT Heyd-Scuseria-Ernzerhof (HSE), many body perturbation theory under the GW approximation (including excitonic and spin orbit coupling effects), in order to obtain the band structure with more precision and explain the experimental reported observations[@b15][@b16][@b17][@b27][@b28][@b29][@b30][@b31][@b32]. Although there are differences in the band gaps due to the particular theoretical approach used, all these calculations agree in the main features of the band structure and in the existence of direct band gaps for monolayers of STMD and indirect gaps in bilayers and multilayer systems.

When a second layer of the same dichalcogenide is added to the monolayer, the indirect band gap from the Γ point to an intermediate state (Γ-I) becomes significant[@b17], and the system loses the direct band gap character. Therefore, the direct band gap at the K point is restricted to monolayers of STMD. In order to understand further this issue, we have also performed first principles calculations on different stackings and rotations of one layer with respect to another in the bilayer systems of the same dichalcogenide, and found the absence of a direct band gap even for twisted bilayers. However, and to our surprise, when considering the stacking of different bilayers of STMD (e.g. WS~2~-MoS~2~, WSe~2~-MoS~2~ MoSe~2~-MoS~2~, WSe~2~-MoSe~2~, etc.), the direct band gap at the K point becomes dominant, similar to monolayers. Moreover, in some of these geometries we found that the alternated layers can result in an infinite hybrid crystal with a direct band gap. In our study, and according to the band structure analysis, we described the main features such as the presence of a direct band gap at the K point, as well as the presence of particular indirect gaps*.* In this context, we have identified four families of hybrid STMD: WS~2~-MoS~2~ as type 1, WSe~2~-WS~2~ and WSe~2~-MoS~2~ as type 2, MoSe~2~-WS~2~ and MoSe~2~-MoS~2~ as type 3 and WSe~2~-MoSe~2~ as type 4 (see [figure 1](#f1){ref-type="fig"}).

Results
=======

Family of Hybrids WS~2~-MoS~2~ (type 1)
---------------------------------------

For all the performed first principles calculations, we selected two types of stackings to overlap the monolayers of STMD: First, we considered the crystal stacking found in the bulk phases; the letter B (bulk) is used to indicate this type of stacking. In particular, for stacking type B, the S (Se) atoms of one layer sit on top of the metal atoms of the other layer (see [figures 1a and 1c](#f1){ref-type="fig"}). The second stacking contemplated in our study, consists of S (Se) atoms arranged on top of the S (Se) atoms of the adjacent layer (see [figures 1b and 1d](#f1){ref-type="fig"}); we refer to this case as A stacking.

For the hybrid layers of MoS~2~ and WS~2~ arranged in a bilayer with a stacking type B, we introduced the notation: bilayer (MoS~2~, WS~2~, B); in which the first two symbols within the brackets refer to the STMD considered and the next symbol indicates the stacking type (A or B). We have also considered infinite crystal cases (infinite number of layers) with stackings type A and B as crystal (MoS~2~, WS~2~, A) and crystal (MoS~2~, WS~2~, B), respectively. We find for all the cases of this family (hybrids MoS~2~-WS~2~), the absence of a dominant direct band gap. It is worth mentioning that the gap difference between the direct gap at K and indirect gap Γ-I for the A stackings is reduced when compared to the corresponding difference in stackings of type B (see [table 1](#t1){ref-type="table"} and [figure 2c](#f2){ref-type="fig"}). This gap reduction is due to an increase in the indirect gap at Γ-I for the stacking A cases. The direct gap at the K point changes very little in these systems, from 1.664 eV for crystal (MoS~2~, WS~2~, B) to 1.708 eV for bilayer (MoS~2~, WS~2~, B), whereas the indirect gap Γ-I changes more dramatically from 0.764 eV in the crystal (MoS~2~, WS~2~, B) to 1.586 eV for the bilayer (MoS~2~, WS~2~, A). Regarding stability, the total energy/cell (one cell contains one unit of WS~2~ and one unit of MoS~2~) always favors the stackings type B with a difference of 0.1138 eV/cell for the crystals and 0.0744 eV/cell for the bilayers (see [table 1S in supplementary information](#s1){ref-type="supplementary-material"}). The lattice parameters "a" for this family varies very little from 3.155 Å for the bilayer (MoS~2~, WS~2~, A) to 3.158Å for the crystal (MoS~2~, WS~2~, B), thus lying between the lattice constants of WS~2~ and MoS~2~ crystals[@b33] (see [table 2S in supplementary information](#s1){ref-type="supplementary-material"}). The bond lengths (Mo-S and W-S) are basically the same as in the corresponding monolayer (see [table 3S in supplementary information](#s1){ref-type="supplementary-material"}).

Family of Hybrids WS~2~ -WSe~2~ and MoS~2~-WSe~2~(type 2)
---------------------------------------------------------

Interestingly, when mixing layers of WS~2~ and WSe~2~ a direct gap behavior at K is obtained for bilayer stackings A and B (see [table 1](#t1){ref-type="table"}, [figure 2d](#f2){ref-type="fig"}, [figure 2f](#f2){ref-type="fig"} and [figure 1S in supplementary information](#s1){ref-type="supplementary-material"}). Therefore, the direct gap is smaller than their corresponding indirect gaps at Γ-I. Although the direct gaps at K for this family are around 1 eV, the indirect gaps within Γ-I change from 0.883 eV for the crystal (WS~2~, WSe~2~, B) to 1.725 eV for the bilayer (WS~2~, WSe~2~, A) (see [table 1](#t1){ref-type="table"}). Surprisingly, the crystal formed by an infinite number of stacked layers in the A fashion, crystal (WS~2~, WSe~2~, A), exhibits a direct band gap at K, being this the first case of a multilayer STMD system with a direct band gap behavior (see [figure 2f](#f2){ref-type="fig"}). Note that the direct band gaps for this family, around 1.0 eV (1239.84 nm), are reduced with respect to the direct band gaps for monolayers of WS~2~ (1.94 eV or 639.09 nm), and WSe~2~ (1.67 eV or 742.42 nm) (see [table 4S in supplementary information](#s1){ref-type="supplementary-material"}), thus widening the possibilities of applications for STMD in the infrared range.

In order to analyze deeply the nature of the direct band gap, the partial density of states (PDOS) considering the d-electrons of the transition metal and the p-electrons of the chalcogen atoms were calculated (see [figures 3a, b, c](#f3){ref-type="fig"} and [1S in supplementary information](#s1){ref-type="supplementary-material"}). The results indicate that the states at the top of the valence band, for the bilayer case (WS~2~-WSe~2~, A), are due to the W and Se of the WSe~2~ layer, and those at bottom of the conduction band are owed to the W and S of the WS~2~ layer. Therefore, electrons and holes are physically separated by the two different layers which constitute the TMD bilayer. A similar behavior has been found theoretically in h-BN nanotubes and homogeneous layered TMD when applying an external electric field; the so called Giant Stark Effect (GSE)[@b31][@b34]. In GSE the electric field separates physically electrons and holes and also helps the reduction of the band gap. However, in our heterogeneous TMD bilayers there is no external electric field applied, but it has been found, for the direct band gap bilayers, that although there is charge neutrality in the whole system, the local Mulliken charges for the transition metal atoms, as well as for the chalcogen atoms, possess different sign in different layers. For example, for the bilayer (WS~2~-WSe~2~, A), the W of the WS~2~ layer exhibits a positive net charge (+0.16 e), whereas the W of the WSe~2~ layer reveals a negative net charge (−0.09 e). Similarly, the S atoms of the WS~2~ layer exhibit a negative net charge, and the Se show a positive net charge. This is not the case, for indirect band gap bilayers sharing the same chalcogen atom, as found in bilayer (WS~2~, MoS~2~, B) systems, in which both Mo and W atoms display the same charge sign as well as the S and Se atoms. Therefore, an intrinsic electric field might be the cause of the electron-hole separation and the presence of the direct band gap.

Since one of the most important experimental tools for characterizing few layer TMD systems is Raman spectroscopy[@b4][@b5][@b20][@b22][@b23][@b35], the phonon dispersion, the phonon density of states and the Raman intensities have been calculated using density functional perturbation theory for the bilayer (WS~2~-WSe~2~, B) (see [figure 3d and e](#f3){ref-type="fig"}). When compared to the WS~2~ monolayer, the phonon dispersion of the bilayer exhibits a shift which might be caused by the expansion of the WS~2~ lattice when interacting with the WSe~2~ layer. From the phonon dispersion and the Raman intensities, it is possible to identify the main phonon modes and their positions: E~1g~ (176.99 cm^−1^ for WSe~2~ and 293.23 for WS~2~), E~2g~^1^ (251.33 cm^−1^ for WSe~2~ and 350.50 cm^−1^ for WS~2~) and A~1g~ (251.80 cm^−1^ for WSe~2~ and 414.93 for WS~2~. See [figure 3e](#f3){ref-type="fig"}). Note that the E~2g~^1^ and the A~1g~ for the WSe~2~ are almost degenerate as has been found experimentally in bulk WSe~2~ (250 cm^−1^ for E~2g~^1^ and 253 cm^−1^ for A~1g~)[@b36].

The crystal formed by alternating layers with the stacking type B, crystal (WS~2~, WSe~2~, B), always exhibits an indirect gap at Γ-I (see [table 1](#t1){ref-type="table"}). The bilayer (WS~2~, WSe~2~, B) is more stable by 0.0758 eV/Cell when compared to the bilayer (WS~2~, WSe~2~, A). For the infinite crystal cases, crystal (WS~2~, WSe~2~, B) is more stable by 0.1494 eV/cell than crystal (WS~2,~ WSe~2~, A) (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}), and the lattice parameter of this family is *ca.* 3.20Å (see [table 2S supplementary information](#s1){ref-type="supplementary-material"}). The bond lengths W-S are around 2.413 Å, slightly larger than for the WS~2~ monolayer. At the same time, a slight reduction in the W-Se distances is observed when compared to the monolayer from 2.519 Å to 2.510 Å (see [table 3S in supplementary information](#s1){ref-type="supplementary-material"}).

Bilayer systems of MoS~2~-WSe~2~, exhibit a direct gap with A and B stackings, as well as the infinite crystal with the A stacking (see [figure 2e](#f2){ref-type="fig"}). However, the direct gap values for these cases are *ca.* 0.8 eV (1549.8 nm) (see [table 1](#t1){ref-type="table"}). The indirect gap Γ-I varies from 0.736 eV for the crystal (MoS~2~, WSe~2~, B) to 1.525 eV for bilayer (MoS~2~, WSe~2~, A). With regard to the energetics, the crystal (MoS~2~, WSe~2~, B) is more stable than the crystal (MoS~2~, WSe~2~, A) by 0.1613 eV/Cell, and for the bilayer cases, the crystal stacking B is more stable than the A stacking by 0.0816 eV/cell (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}). The lattice parameter "a" of this family ranges between 3.218Å and 3.22Å (see [table 2S supplementary information](#s1){ref-type="supplementary-material"}). Here, the Mo-S distance increases to 2.430 Å compared to the MoS~2~ monolayer (2.417 Å), and the W-Se decreases slightly around 0.008 Å (see [table 3S in supplementary information](#s1){ref-type="supplementary-material"}).

Family of Hybrids WS~2~-MoSe~2~ and MoS~2~-MoSe~2~ (Type 3)
-----------------------------------------------------------

The hybrid cases consisting of WS~2~ -MoSe~2~ layers and MoS~2~-MoSe~2~ layers share similarities. First, both of them exhibit dominant direct band gaps when stacked in the A fashion (Bilayer and infinite layers. See [table 1](#t1){ref-type="table"}). Both bilayer cases are indirect gap Γ-K materials when exhibiting staking type B (see [figures 4a and 4b](#f4){ref-type="fig"}). Note that for the previous cases, the indirect gap occurred at Γ-I (see [table 1](#t1){ref-type="table"}). This hybrid system (type 3) could exhibit three electronic behaviors: Direct gap at K, indirect gap Γ-I and indirect gap Γ-K. This result enriches the possibilities of creating novel hetero-layered nanostructures exhibiting unprecedented physico-chemical properties.

In addition, the direct band gap for the WS~2~-MoSe~2~ cases varies from 1.154eV (1074.38nm) for the bilayer (WS~2~, MoSe~2~, A) case to 1.180 eV (1050.71 nm) for the bilayer (WS~2~, MoSe~2~, B) which does not have a fundamental direct gap, but an indirect gap Γ-K (see [table 1](#t1){ref-type="table"}). The indirect gap at Γ-K is 1.052 eV for the bilayer (WS~2~, MoSe~2~, B), and the indirect gap at Γ-I changes from 0.790 eV for the crystal (WS~2~, MoSe~2~, B) to 1.594 eV for the bilayer (WS~2~, MoSe~2~, A). The most stable cases correspond to the stacking type B, being more favorable by 0.1517 eV/cell the crystal (WS~2~, MoSe~2~, B) than the crystal (WS~2~, MoSe~2~, A). The bilayer (WS~2~, MoSe~2~, B) is more stable by 0.0768 eV/cell when compared to the bilayer (WS~2~, MoSe~2~, A) (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}). The lattice parameter "a" for this family is around 3.21Å (see [table 2S supplementary information](#s1){ref-type="supplementary-material"}).

The situation for the MoS~2~-MoSe~2~ family is similar to the previous system described, but exhibiting a direct gap at *ca.* 0.945 eV (1312.00 nm) (see [figure 4b](#f4){ref-type="fig"}). The indirect gap Γ-I changes from 0.699 eV for crystal (MoS~2~, MoSe~2~, B) to 1.560 eV for bilayer (MoS~2~, MoSe~2~, A) (See [table 1](#t1){ref-type="table"}). The crystal (MoS~2~, MoSe~2~, B) is more stable by 0.1645 eV/cell than crystal (MoS~2~, MoSe~2~, A). The bilayer (MoS~2~, MoSe~2~, A) is less stable than bilayer (MoS~2~, MoSe~2~, B) by 0.0834 eV/cell (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}). The lattice parameter "a" is 3.225Å for the bilayer (MoS~2~, MoSe~2~, A), with little change for the crystal (MoS~2~, MoSe~2~, B), being 3.228Å (see [table 2S supplementary information](#s1){ref-type="supplementary-material"}). For the type 3 family, the metal-sulfur distances increase and the metal-selenium distances decrease with respect to their corresponding monolayers (see [table 3S in supplementary information](#s1){ref-type="supplementary-material"}).

Family of Hybrids WSe~2~-MoSe~2~ (Type 4)
-----------------------------------------

For the cases studied using overlapped layers of WSe~2~ and MoSe~2~, there is no direct band gap smaller than the indirect gaps at Γ-I and K-I, condition that needs to be satisfied in order to have a fundamental direct band gap material. For bilayer (WSe~2~, MoSe~2~, A), the direct gap at the K point is smaller (1.443 eV) than the indirect gap Γ-I (1.538 eV), but not smaller than the indirect gap at K-I (1.330 eV). Thus, the material possesses an indirect gap at K-I (see [table 1](#t1){ref-type="table"} and [figure 4d](#f4){ref-type="fig"}). The PDOS of bilayer (WSe~2~, MoSe~2~, A) shows that the states at the top of the valence band are slightly dominated by the WSe~2~ layer (W d-electrons, and Se p-electrons); however, the bottom of the conduction band exhibits states from both layers, with more states arising from the MoSe~2~ layer (see [figure 4e and 4f](#f4){ref-type="fig"}).

The crystal (WSe~2~, MoSe~2~, A) also exhibits a K-I band gap of 1.215eV (see [table 1](#t1){ref-type="table"}). The other two cases: bilayer (WSe~2~, MoSe~2~, B) and crystal (WSe~2~, MoSe~2~, B), reveal indirect band gaps Γ-I (see [figure 4e](#f4){ref-type="fig"}). The relative stability of the crystalline cases indicates that the crystal (WSe~2~, MoSe~2~, B) is more stable than crystal (WSe~2~, MoSe~2~, A) by 0.1632 eV/Cell. For bilayers, the bilayer (WSe~2~, MoSe~2~, B) is more stable by 0.0826 eV/cell than bilayer (WSe~2~, MoSe~2~, A) (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}). The lattice parameter "a" of this family is the largest of all studied STMD with 3.28Å for the crystal (WSe~2~, MoSe~2~, B). This cell parameter is very close to that reported experimentally for WSe~2~ and MoSe~2~ crystals[@b37][@b38] (see [tables 2S and 4S supplementary information](#s1){ref-type="supplementary-material"}). The bond distance of W-Se exhibits a slight increase (2.521 Å) when compared to the corresponding distance of the monolayer (2.519 Å). The distance Mo-Se is basically preserved when compared to the monolayer (see [table 3S in supplementary information](#s1){ref-type="supplementary-material"}).

Discussion
==========

To the best of our knowledge, we have demonstrated for the first time, that it is indeed possible to obtain novel direct band gap bilayers of STMD if different monolayers are overlapped. Moreover, in some cases it is possible to even have direct band gap crystals with infinite number of layers if the stacking belongs to A type. It has been found that the direct band gap bilayers exhibit a physical separation of electron and holes probably due to a sort of local Giant Stark Effect caused by charge differences established between the heterogeneous layers. In these systems, the top the valence band is dominated by the selenide layer and the bottom of the conduction band is controlled by the states of the sulfide layer. Homogeneous bilayers of TMD do not possess this net charge separation and hence do not exhibit direct band gaps. In addition, this is a different behavior from that found for monolayers of STMD, in which electrons and holes are restricted to interact within the layer.

In particular, the family of WS~2~-WSe~2~ and MoS~2~-WSe~2~ layers, is the most interesting since the bilayer behaves like a direct band gap material for the two stackings considered in this manuscript (A and B; being B the most stable). These 2D layered systems could be synthesized by sandwiching exfoliated monolayers or chemical vapor deposition layers, using a careful transfer of the monolayers. Moreover, this family could also produce a direct band gap crystal with A stacking. In addition, we have found that the family of hybrids WS~2~-MoSe~2~ and MoS~2~-MoSe~2~, besides having a direct band gap for A stackings, they exhibit an indirect gap at Γ-K for a bilayer with stacking type B; result which has not been reported hitherto for STMD. Another relevant feature is that the distance between layers increases for type A stackings, found to be the least favorable energetically speaking (see [table 1S supplementary information](#s1){ref-type="supplementary-material"}). However, by twisting the layers or by changing the stacking, new cases with more favorable energetics could be found. It is important to mention that the direct band gaps of the hybrid systems studied in this account range from 0.79 eV (1569.42 nm) to 1.15 eV (1078.12 nm), which are much smaller than the direct band gaps, already found experimentally in monolayers of WS~2~ (2.1 eV) and MoS~2~ (1.8 eV)[@b9]. Certainly, there is more work to be carried out, not only experimentally, but theoretically by studying the spin-orbit coupling in bilayer TMDS, as well as carrying out GW calculations considering excitonic effects. Finally, the novel hybrid bilayer systems exhibit new optical properties useful for applications in the infrared range. With the hybrid layer technology at hand, it would be possible to experimentally produce bilayer hybrid systems with novel photoluminescence properties. Note that in these bilayer systems there is no inversion symmetry, so they might play an important role in valley polarization and valleytronics.

Methods
=======

Our calculations were performed using the plane wave code CASTEP[@b39], as implemented in the Materials Studio, on hexagonal cells under the Local Density Approximation (LDA) considering the Ceperly-Alder-Perdew and Zunger (CA-PZ)[@b40][@b41] functional with 13 × 13 × 3 Monkhorst-Pack K-points and a plane waves cut off of 500 eV. All the structures were relaxed, including the cells, until the forces became smaller to 0.01 eV/Å and the energy tolerances were less to 5 × 10^−6^ eV/atom. A vacuum of 16 Å between the bilayers was considered. In order to select the optimum approach for interlayer distances, van der Waals interactions were considered through a dispersion correction (DFT-D)[@b42] under both, LDA and General Gradient Approximation (GGA-PW91)[@b43]. To test the results, several TMD structures were calculated such as WS~2~, MoS~2~, WSe~2~, MoSe~2~, NbSe~2~, NbS~2~ and compared with the experimental data available (see [table 4S of supplementary information](#s1){ref-type="supplementary-material"}). The lattice constant experimental values exhibit good agreement with the LDA approach (without considering the dispersion correction DFT-D). For the LDA-DFT-D, the layers get closer to each other producing a compactification of the "c" lattice parameter (around 3.6% smaller than bulk), whereas with the GGA-DFT-D approach, the layers get farther apart thus producing a lattice with a much larger "c" parameter (around 3.5% bigger than bulk). The lattice "c" parameters obtained with LDA produce the best fit within 1.5% or less of those reported experimentally. Moreover, our results are in agreement with those reported by other groups within the LDA formalism[@b32][@b44]. Although, DFT first principles calculations underestimate the band gaps, DFT-LDA provides a good approximation for the direct band gaps in STMD systems. Therefore, we decided to use LDA for all the calculations presented here. The phonon density of states and the phonon dispersion are calculated with the above parameters, but extending the plane wave cut off to 720 eV using the density functional perturbation theory as implemented in the CASTEP code which uses the linear response methodology that works well for insulators[@b45].
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![Atomic models representing the bilayer heterostructures of semiconducting transition metal dichalcogenides (STMD).\
(a) Bilayers formed by overlapping WSe~2~ on WS~2~with stacking type B (bulk) denoted as Bilayer (WS~2~, WSe~2~, B); (b) Bilayer formed by placing WSe~2~ on MoS~2~with stacking type A denoted as Bilayer (MoS~2~, WSe~2~, A); (c) Staking type B in which the transition metal atoms are on top of the chalcogen atoms. This is the stacking found in bulk STMD, and (d) Stacking type A in which the chalcogen atoms are on top of each other. The dotted lines indicate the alignment of atoms between layers, and the arrows correspond to the distance dS-Se between chalcogen atoms of different layers (see [supplementary information table 2S](#s1){ref-type="supplementary-material"}).](srep01549-f1){#f1}

![(a) Band structure of bulk hexagonal WS~2~ (The blue arrow shows the indirect gap Γ-I); (b) Band structure of a monolayer of WS~2~ (note the blue arrow revealing the direct band gap location); (c) Type 1 family of WS~2~-MoS~2~ showing the band structure of the bilayer with an A stacking; (d) Type 2 family band structure showing the direct band gap of bilayer (WS~2~, WSe~2~, B); (e) Type 2 family band structure of the direct band gap corresponding to the bilayer (WSe~2~, MoS~2~, A), and (f) the Type 2 family, band structure of the infinite number of layers case: Crystal (WS~2~, WSe~2~, A). The red line indicates the top of the valence band.](srep01549-f2){#f2}

![Type 2 Bilayer (WSe~2~, WS~2~, A): (a) Band structure showing the direct band gap; (b) PDOS showing the d-electrons of W at each of the layers. The blue arrow indicates the states at the top of the valence band caused by W in the WSe~2~ layer, and the black arrow shows the states at bottom of the conduction band due to W in the WS~2~ layer; (c) PDOS showing the p-electrons of the chalcogen atoms. The green arrow exhibits the states at the top of the valence band of Se in the WSe~2~ layer, and the red arrow reveals the states at the bottom of the conduction band of the S atoms in the WS~2~ layer; (d) DFT-LDA calculated phonon dispersion for the WS~2~ monolayer in red, and the bilayer (WS~2~, WSe~2~, B) in black. The phonon density of states is shown (right hand side), and (e) DFT-LDA Raman intensities due to the different phonon modes in the bilayer (WS~2~-WSe~2~, B) using a laser wave length of 514.5 cm^−1^ at 300 K.](srep01549-f3){#f3}

![(a) Type 3 family band structure of the bilayer (WS~2~, MoSe~2~, B) showing the Γ-K band gap; (b) Type 3 band structure showing the direct band gap for the bilayer (MoS~2~, MoSe~2~, A); (c) Type 4 family band structure of the bilayer (WSe~2~, MoSe~2~, B) exhibiting an indirect band gap Γ-I; (d) Type 4 family Bilayer (WSe~2~, MoSe~2~, A) band structure showing the indirect band gap K-I, and (e) PDOS of Bilayer (WSe~2~, MoSe~2~, A) showing the d-electrons of W and Mo at each of the layers. Note that the states at the top of the valence band are mainly due to W in the WSe~2~ layer, and the Mo in the MoSe~2~ layer provides more states than W; (c) PDOS of Bilayer (WSe~2~, MoSe~2~, A) showing the states due to the p-electrons of the chalcogen atoms.](srep01549-f4){#f4}

###### Direct and indirect (in parenthesis) band gaps in eV of hybrids of semiconducting transition metal dichalcogenides (STMD). Systems with a dominant direct band gap at the K point in the Brillouin zone have an asterisk. Cases with "+" show an indirect fundamental band gap Γ-K, and "&" corresponds to a dominant indirect gap K-I

  Hybrid-Structure          Bilayer-Stacking A        Bilayer-Stacking B        Crystal- stacking A     Crystal- stacking B
  ---------------------- ------------------------- ------------------------- ------------------------- ---------------------
  WS~2~-MoS~2~ Type 1        1.695(1.586 Γ-I)          1.708(1.190 Γ-I)          1.669(1.284 Γ-I)        1.664 (0.764 Γ-I)
  WS~2~-WSe~2~Type 2      1.007(1.725 Γ-I)**\***    1.068(1.314 Γ-I)**\***    1.007(1.406 Γ-I)**\***     1.037 (0.883 Γ-I)
  MoS~2~-WSe~2~Type 2     0.790(1.525 Γ-I)**\***    0.891(1.147 Γ-I)**\***    0.802(1.245 Γ-I)**\***     0.883 (0.736 Γ-I)
  WS~2~-MoSe~2~Type 3     1.154(1.594 Γ-I)**\***    1.180(1.052 Γ-K)**^+^**   1.157(1.316 Γ-I)**\***     1.155 (0.790 Γ-I)
  MoS~2~-MoSe~2~Type 3    0.945(1.560 Γ-I)**\***    1.013(0.899 Γ-K)**^+^**   0.949(1.260 Γ-I)**\***     0.998 (0.699 Γ-I)
  WSe~2~-MoSe~2~Type 4    1.443(1.330 K-I)**^&^**      1.471(1.116 Γ-I)       1.444(1.215 K-I)**^&^**    1.418 (0.761 Γ-I)
